ITIC devices. It is interesting that the high boiling solvent additive does have a negative impact on the power conversion efficiency when PTB7-Th is blended with ITIC acceptor. We study the solar cell devices in terms of their optical, photophysical and morphological properties and find out that PTB7-Th:ITIC devices with DIO results in coarser domains, reduced absorption strength and slightly lower mobility; while DIO improves the absorption strength of the PTB7-Th:PC 71 BM blend film and increase the aggregation of PC 71 BM in the blend, resulting in higher FF and J sc .
With power conversion efficiency values (PCE) consistently surpassing the 10% threshold and improved photo-stability, [1] organic solar cells (OSCs) are becoming a promising candidate in thin-film photovoltaic technology. [2, 3] One of the key component of an OSC is the photoactive layer which consists of donor and acceptor materials, mixing together to form the so-called bulk heterojunction (BHJ). [4, 5] Fullerene derivate-based acceptors ( [6, 6 ]-phenyl C 61 -/C 71 -butyric acid methyl ester, PC 61 BM and PC 71 BM possess low absorption coefficient and narrow visible absorption window limiting the light-to-current generation, thus inhibiting the improvement of device performance. [6] [7] [8] [9] [10] [11] [12] In the past few years, non-fullerene electron acceptors (NFAs) have emerged as superior candidates as electron acceptors because of the possibility of tailoring their frontier molecular orbitals, molecular structure, and strong absorption profiles in the visible and NIR-range. [13] [14] [15] [16] [17] [18] Now single-junction OSCs with a PCE> 13% has been recorded by Hou et al. [15] Among the high efficiency NFAs reported, 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
can obtain high efficiency values due to complementary absorption with the high/middle band gap donors. [17] The effects of DIO have been well studied for polymer:fullerene solar cells. [22] In most cases, DIO not only enhances the aggregation of the polymer as it is a poor solvent for the polymer but also reduces the fullerene domain size as it is a good solvent for fullerene derivatives. [23, 24] Moreover, it can improve the mobility in the bulk as well as charge carrier collection for improved efficiency as it may facilitate the molecular packing. [25, 26] Controlling the mixing of donor polymers with NFAs are difficult due to different mixing enthalpies, which has been investigated by Zhan et al, [27a] thus achieving an optimal microstructure that enable mixed and pure domains in NFA systems with solvent additives remains challenging. [27] We believe that common optimization methods adopted in fullerene based systems may not be valid for NFA solar cells.
In this work, we report the effect of the solvent additive 1,8-diiodooctane (DIO) in chlorobenzene (CB) solvent on the microstructure and photo-physical properties of
(PBDTTT-EFT, or more commonly PTB7-Th) solar cell devices using PC 71 BM and ITIC as acceptors. By studying the optoelectronic characteristics of the devices together with microstructure analysis, we show that DIO has a beneficial effect on the performance of fullerene based solar cells. However, NFA devices depict lower performances when DIO is added, which is due to short circuit current (J sc ) and fill factor (FF) drop. We observe increased trap assisted recombination and slightly lower charge carrier mobility resulting from phase separated microstructure and increased roughness in PTB7-Th:ITIC films with CB/DIO mixed solvent. previous reports, [28] [29] [30] Figure S1 and Table S1 ) In fact, CB and 3% DIO-97% CB based devices deliver PCE of 7.62% and 5.43%, respectively. The drop in efficiency is mainly due to reduction of J sc (13.7 mAcm -2 to 11.6 mAcm -2 in CB and 3% DIO, respectively) and FF (66.2% to 53.3% in CB and 3% DIO, respectively). Table 1 summarizes the photovoltaic parameters of the solar cells studied in this work.
In order to investigate the different DIO effect in the fullerene and non-fullerene based systems, we first consider the J sc evolution. Thus, we carried out external quantum efficiency (EQE) measurements. increases between 400-700 nm region, which is consistent with the improved J sc from device as well as recorded EQE spectra in Figure 2b , whereas PTB7-Th:ITIC film (3% DIO) has smaller absorption coefficient compared to the film without DIO (Figure 3d ) within the same visible region, which is due to the different micromorphology and lower oscillation strength. [30] [31] [32] Notably, we also observe that the small red-shift after the addition of DIO in ITIC based devices. We believe that the origin of this bathochromic shift is due to low solubility of PTB7-Th in DIO (< 0.2 mg/ml) compared to PC 71 BM (21 mg/ml) and ITIC (18 mg/ml), resulting in aggregation in thin film. [33] To further characterize the significant decrease in FF, we turn our focus in understanding the effect of DIO on the recombination behavior of PTB7-Th:PC 71 BM and PTB7-Th:ITIC. First, we collect the J-V characteristics at different light levels ( Figure S2 ) to study the J sc and V oc evolution of the solar cells as a function of light intensity. [34] [35] [36] In particular, J sc generally follows a power-law dependence on light intensity (P in ) as ∝ , where  represents a power-law exponent. In general, =1 indicates that 2 nd order recombination has a negligible effect on the charge extraction, whereas <1 suggests that bimolecular recombination is the limiting factor. In Figure 4a it is apparent that bimolecular recombination is not the limiting factor in both fullerene and NFA-based systems since we calculate  values approaching the unity (Table S2) . Following theoretical consideration, trap-assisted recombination is associated by a slope of 2 kT/q in a semi-logarithmic plot of V oc vs P in , while slope of kT/q represents signatures of purely bimolecular recombination. Figure 4b and Table S2 clearly show that trapassisted recombination decreases upon addition of DIO in fullerene based devices (1.77 kT/q vs 1.54 kT/q in CB and 3% DIO fullerene-based devices, respectively).
Conversely, we calculate higher slope value (1.57 kT/q and 1.79 kT/q in CB and 3%
DIO ITIC-based devices, respectively), suggesting increased trap states formation upon DIO addition, which is detrimental for solar cells performance. [35] In order to further investigate the photo-physics of PTB7-Th:PC 71 BM and PTB7-Th:ITIC, we study the charge transport ability by employing the technique of photoinduced by linearly increasing voltage (photo-CELIV). [37] With this technique we calculate the charge carrier mobility () directly on the device without the fabrication of one-carrier type architecture (i.e. space charge limited current (SCLC) method [38] ).
In photo-CELIV the charge are photo-generated by a strongly absorbed laser pulse and extracted after an adjustable delay time. 
where d is the active layer thickness, A is the voltage rise speed =dU/dt U is the applied voltage, t max is the time corresponding to the maximum of the extraction peak, and j 0 is the displacement current. From the transient in Figure S3 it is clear that t max occurs significantly earlier for 3% DIO-fullerene based and ITIC based solar cells in CB (2.6 s and 2.7 s, respectively) compared with PTB7-Th:PC 71 BM in CB and 3% DIO-ITIC devices (3.9 s and 3.6 s, respectively). To correlate the optoelectronic properties of the devices with the structural information, we carry out bright-field transmission electron microscopy (BF-TEM).
Figure 5
shows BF-TEM images of PTB7-Th:PC 71 BM and PTB7-Th:ITIC blend films processed from chlorobenzene solutions without and with DIO additive. In agreement with previous reports, [29, 39] the TEM images of PTB7-Th:PC 71 BM blend (Figure 5a) clearly shows large domains (about 100-200nm in diameter) in the blend film prepared from CB, which is detrimental for charge transport. Differently, the morphology of blend film prepared from 3% DIO (Figure 5b ) is more uniform.
There is no large phase separation detected because of the high solubility of PC 71 BM in DIO solvent (~21 mg/ml), showing an interpenetrating network and reduce domain size. The TEM image of PTB7-Th:ITIC blend film processed without DIO additive, as shown in Figure 5c , reveals a bi-continuous and percolated morphology.
As 3% DIO is added to the blend solution, the film forms interconnected, wellwoven pathways for charge transport, (Figure 5d ). We hypothesis that the different property of ITIC as modest solubility in DIO solvent (~18 mg/ml), crystallinity and miscibility with PTB7-Th is the main reason for this phenomenon. The decreased photovoltaic properties, in particular FF, observed for this processing condition is resulted from less charge carrier photo-generation and hindered transport by this morphology where large-scale phase separation is seen. Moreover, the large domains may cause the significant vertical phase separation, which was supported by Wei et al. [40] However, these large domains may have a negative effect to the charge transport and collection because of the lower carrier mobility in the blend of PTB7-Th:ITIC (3% DIO) devices, thus obtaining poor performance.
Finally, we investigate the topography of the devices with and without additive by atomic force microscopy (AFM) technique. Figure 6 shows the height and phase images of fullerene and NFA based systems. Clearly, PTB7-Th:PC 71 BM in CB (Figure 6a -e) depicts significant phase separation in line with the TEM images, differently, we observe a smooth surface after addition of 3% DIO (Figure 6b-f) beneficial for high performance devices. [39] Conversely, ITIC-based blends show a fine intermix when coated from CB and smoother surface (1.32 nm) (Figure 6c-g ), while the addition of 3% DIO increased significantly the roughness of the blend (19.2 nm) (Figure 6d-h ) and consequentially the probability of charge recombination, in line with the V oc vs light intensity behavior.
In summary, we investigate the effect of DIO additive in the device performance and microstructure of the state-of-the-art PTB7-Th devices blending with fullerene and non-fullerene acceptor. Despite its positive effect in PTB7-Th:PC 71 BM blends due to reduction of the large fullerene domains, we observe a dramatically opposite situation for PTB7-Th:ITIC solar cell devices with the introduction of DIO. The reason of the drastic performance drop is the formation of a well-woven pathways for charge transport, which increases phase separation of the donor and acceptor matrix and surface roughness. We conclude that the common optimization conditions adopted in fullerene-based devices cannot be easily translated for NFAbased systems and new approaches are required for optimal nano-morphology.
Experimental section
Fabrication and Characterization of OSCs.
PTB7-Th and ITIC were purchased from 1-Materials Inc. PC 71 BM was purchased from Nano-C. For PTB7-Th:PC 71 BM solution, blend solution in a 25 mg/ml was prepared with a constant weight ratio of 1:1.5 in pure CB or mixed solvent with CB 
